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We suggest a scheme of using two-mode squeezed vacuum
for conditional teleportation of quantum states of optical eld.
Alice mixes the input state with one of the squeezed modes
on another squeezing device and detects the output photon
numbers. The result is then communicated to Bob who shifts
the photon number of his part accordingly. This is a princi-
pally realizable modication of the recent scheme [G.J. Mil-
burn and S.L. Braunstein, Phys. Rev. A 60, 937 (1999)]
where measurements of photon number dierence and phase
sum are considered. We show that for some classes of states
this method can yield very high delity of teleportation, nev-
ertheless, the success probability may be limited.
PACS number(s): 03.67.Hk, 42.50.Ar, 42.50.Dv
I. INTRODUCTION
In quantum teleportation, unknown state of one sys-
tem is destroyed and created on another, distant system.
The method was rst suggested in [1] and realized in
[2] for discrete variables, namely photon polarizations.
It has subsequently been extended to continuous vari-
ables, conceptually [3,4] and then experimentally, for op-
tical eld quadratures [5] using parametrically entangled
(squeezed) optical beams to teleport a coherent state.
The basic requirement of quantum teleportation is an
entangled state shared between the two parties. For con-
tinuous variables in quantum optics this role is played by
a two-mode squeezed vacuum, for which the eld quadra-
tures q and p are correlated and anti-correlated, respec-
tively, so that (q1 − q2) (p1 + p2) < 1=2, while the
commutation rule is [qk; pk] = i. For large squeezing,
the correlations have a similar nature as the correlations
in the original Einstein-Podolsky-Rosen (EPR) proposal
for matter particles [6]. Let us mention that the EPR
correlations in optical elds have been studied in [7,8].
In the rst scheme of teleportation using optical two-
mode squeezed vacuum [4] the quadrature correlations
have been used. Later on, it has been realized that in
this state also photon numbers and phases are correlated,
which can be used for a potential teleportation protocol
[9]. In the scheme of [9] one assumes projective mea-
surements of photon number dierence and phase-sum of
two modes on the Alice side. The obtained information
is then sent to Bob who has to transform the remaining
mode by phase and photon shifting, thus creating the re-



























FIG. 1. Teleportation scheme.
for some measured photon number dierences the input
state cannot be re-created at the output.
The scheme of [9] requires measurements which are not
available at present. Is there any hope to realize telepor-
tation based on such a model? In this paper we suggest
a viable modication of the scheme [9] based on photon
number measurements on the output of a parametric am-
plier. The scheme is also conditional, and it can work
for certain classes of states. Even though this scheme is
not universal, we will show that for some states it can
produce higher peak delity than the scheme based on
quadrature measurements [4], assuming the same squeez-
ing of the entangled state.
The paper is organized as follows. In Sec. II we present
the model and derive the expression for the teleported
state, in Sec. III we illustrate the scheme by numerical
results and we conclude in Sec. IV.
II. TELEPORTATION SCHEME
Let us assume the experimental scheme as in Fig. 1.
The entangled state is produced as a two-mode squeezed
vacuum with the squeezing parameter . The output
mode 1 of the rst squeezer is used as one of the inputs
of the second squeezer (squeezing parameter ). The in-
put state j ini0 in mode 0 is used as the other input of
the second squeezer. Alice measures the photon numbers
n0 and n1 at the output of the second squeezer and com-
municates the result to Bob. The output state j outi2 of
1
mode 2 of the rst squeezer is used by Bob to reproduce
the input state: after transformation the result is j teli2.
The initial state (before entering any of the squeezers)
is j ini0j0i1j0i2, where the input state in mode 0 can be





After passing the squeezers and detecting n0 and n1 pho-
tons in modes 0 and 1, the state of mode 2 is
j outi2 = 1p
P
0hn0j1hn1jS^01()S^12()j ini0j0i1j0i2; (2)
where P is the probability of the event. The squeezing
operators S^jl(γ) are given by
S^jl(γ) = exp






j,l the annihilation and creation operators, and
can be written in the Fock basis
jhmj jlhmljS^jl(γ)jnjij jnlil = (−1)nlei(ml−nl)ϕγ
mj−ml,nj−nl









where γ = jγjeiϕγ . It is useful to dene the coecients
Smn (d; γ) = jhm+ djlhmjS^jl(γ)jn+ dij jnil











After the photodetection in modes 0 and 1, the proper-
ties of the conditional state in mode 2 qualitatively dier
for the case when n0 > n1 and for n0  n1; let us study
these two cases separately. In the rst case, we put n0 =
n+ d and n1 = n, thus getting for the Fock expansion of
the output state
2hmj outi2 = P−1/2Snm(d;)Sm0 (0;)cm+d; (6)





In the second case, we put n0 = n and n1 = n+d so that
we get
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FIG. 2. The product of the S coecients if n0 = n1 = 1
are detected, i.e., Snm−d(d; β) S
m
0 (0; α) with n = 1 and d = 0.
Here the squeezing parameters of both squeezers are equal to




0 (0;)cm−d ; m  d
0 ; m < d
(8)





Thus, if the S coecients change suciently slowly with
the index m, then the output state imitates the input
state with displaced Fock expansion, where the photon
displacement number is d. Of course, in the rst case of
detecting n+d photons in mode 0 and n photons in mode
1, the output state would lose any information of the
Fock coecients of the input state with the index smaller
than d. This means that as a teleportation scheme, the
method would be conditional: successful teleportation of
states whose Fock expansion starts with vacuum could
only be achieved if more or equal number of photons is
detected in mode 1 than in mode 0. This limitation is of
exactly the same kind as in [9]: the teleportation delity
goes sharply to zero after exceeding some threshold for
the photon number dierence (the threshold being state
dependent). Example of the modulating product of the
S coecients is plotted in Fig. 2.
To complete the teleportation procedure, one has to
modify the output state by number shifting. Thus, the
teleported state is
j teli = E^dj outi; n0 < n1; (10)
j teli = j outi; n0 = n1; (11)




n=0 jnihn+1j. The teleportation delity is
then given by F = jh inj telij2.
We can see that if n0 6= n1, our ability to use the tele-
portation scheme depends on the possibility to realize the
operators E^ and E^y. Unfortunately, there is no known
experimental scheme for such a transformation in quan-
tum optics. The closest approximations of such trans-
formations - photon adding and subtracting are based
on conditional measurements [10], which limits the e-
ciency of the scheme. Thus, we may be presently conned
to the teleportation under the condition of n0 = n1.
III. TELEPORTATION RESULTS AND
PROPERTIES
We can see from Eqs. (6) and (8) that the Fock expan-
sion of the output state is the shifted Fock expansion of
the input state, modulated by the S coecients. From
this we can infer the following most important properties
of the teleportation. (i) Fock sates can be teleported with
delity equal to 1. This follows from the fact that the
squeezers conserve the photon number dierence. Also
states with small photon number dispersion can be ex-
pected to have high teleportation delity. For such states
this method may be more suitable than teleportation via
measurement of conjugate quadratures as in [4,5]. On
the other hand, we do not expect good results for states
with large mean photon numbers and large photon num-
ber dispersion. In particular, for highly excited coherent
states or phase squeezed states the method of [4,5] will
be more suitable. (ii) In comparison to the method of
[9], our scheme does not require phase shifting of the
output state. We can chose the squeezing parameters 
and  such that the coecients S are real so that all the
new Fock coecients appear with the same phase as the
old ones. (iii) If the values of the S coecients change
very slowly in the range of Fock expansion of the in-
put state, then we can expect high teleportation delity.
On the other hand, in ranges where the S coecients
change very abruptly, reliable teleportation could not be
achieved. For a typical behavior of the S coecients
see Fig. 2. As can be seen, with increasing squeezing
the range of states which can be teleported reliably is
increased.
We have illustrated the teleportation by a numerical
example with the input state given as a superposition of
two Fock states, j ini = 2−1/2(j1i+ij3i), and the squeez-
ing parameters  =  = 1.5. In Fig. 3 we can see the
dependence of the teleportation delity F and the mea-
surement probability P on the detected photon numbers
n0,1. We observe that close to the diagonal (but not al-
ways directly on it) the delity reaches high values close
to 1. For the values n0 = n1 + 2 and n0 = n1 + 3 the
delity is exactly 1=2: such measurements indicate that
the Fock component j3i was in the input of the second


































FIG. 3. Teleportation delity F (a) and success probability
P (b) in dependence on the measured photon numbers n0 and
n1. The input state is 2
−1/2(|1〉 + i|3〉) and the squeezing
parameters are α = β = 1.5.
teleportation result. For the values n0 > n1+3 the delity
drops to zero and so does the probability: such events do
not occur for the input state under consideration. It is
worth noting that the total probability of events with
delity larger than 90% is  33%. If we used the con-
tinuous variables teleportation method with quadrature
measurements [4], assuming the same squeezed vacuum
as the entangled state, such probability would only be 
23%. However, to obtain such values one must assume
the possibility of photon number shifting.
It is more realistic to consider only the situation with
n0 = n1 when no number shifting is necessary. These
results are plotted in Fig. 4 for two dierent values of
the squeezing parameters  and . We can see that
with increasing squeezing higher delity can be obtained,
however, the corresponding probability decreases. Thus,
considering the squeezing parameters  =  = 1.5 as in
the previous example, the overall probability of reach-
ing delity higher than 90% is  1:97%, whereas with
squeezing parameters  =  = 2 the probability is 
1:06%.
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FIG. 4. Teleportation delity F and success probability P
in dependence on the measured photon numbers n0 = n1. The
input state is 2−1/2(|1〉 + i|3〉) and the squeezing parameters
are α = β = 1.5 (a), and α = β = 2 (b).
Clearly, if the input state is completely unknown, we
cannot predict with what delity it would be teleported.
The scheme has only sense if we conne the class of the
input states for which we can estimate the delity and
decide which photodetection results would represent a
successful teleportation.
IV. DISCUSSION AND CONCLUSION
We have suggested a viable modication for the tele-
portation scheme of [9] which was based on photon dif-
ference and phase sum measurements, hardly realizable
at present. The method uses the property of nondegen-
erate parametric ampliers (squeezers) that the photon
number dierence of the output beams is equal to that
of the input beams. In contrast to [9] we do not require
phase sum measurements; the price for that is, however,
a relatively low probability of the teleportation success.
The method may be treated as complementary to that
based on quadrature measurements [4,5]. Our method is
better suitable for states with low photon number fluc-
tuation (Fock states can be teleported with delity equal
to 1, if no losses appear), whereas the method of [4] is
better suited for states with smooth quadrature distri-
butions. A possible application of the scheme may be
communication of qubits or of other states from some
conned class.
Although in principle realizable, there are several main
experimental challenges of this scheme. First, precise
photodetection is needed with detectors which are able
to distinguish between dierent photon numbers. Sec-
ond, the photodetection must be highly mode-selective:
when a photon arrives, we must be able to distinguish
whether it comes from the mode under study or from
other part of the spectrum generated by the squeezers.
In this direction we can hope in the fast technological
progress. Another limitation is the high sensitivity to
losses - a dissipation of a single photon spoils the result.
For this reason it would be more suitable to work with
smaller photon numbers (i.e., use lower squeezing param-
eters) for which the probability of dissipating a photon
is smaller. However, using smaller squeezing decreases
the available delity, so that one has to nd an optimum
regime for a given class of teleported states, given losses
in the system, and required delity.
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